Use of focused ion beam (FIB) as a nanostructuring platform for fast prototype device development in the area of photonics has been attracting a considerable interest. In this study, we report a systematic investigation of focused ion beam (FIB) induced Ga + ion implantation in silicon on insulator (SOI) structures. The local implantation of Ga + ions during milling is studied for a wide range of ion doses, ranging from about 10 14 to 10 17 ions/cm 2 , using X-ray photoelectron spectroscopy (XPS). Ion implantation is realized on identically sized areas for each dose by varying the FIB parameters such as dwell time and loop number. It is found that the most of the Ga + is within the first 50 nm of Si. This suggests that it can be possible to potentially reduce optical losses caused by the ion implantation in any optical application. Methods such as thermal annealing and wet or dry chemical etching can result in removal of the 50 nm implanted layer of SOI, as a result removing the layer causing potentially high optical losses.
INTRODUCTION
The increasing interest in patterning materials at the nanoscale regime has been driving the development and use of alternative approaches such as focused ion beam (FIB) milling. FIB milling has been used for more than a decade in the microelectronics industry, however the attractiveness of this method in the area of photonics has only recently been recognized [1] [2] [3] [4] [5] [6] [7] [8] [9] .
The main motivation for using this technology stems from the need for nanostructuring materials or material combinations that are hard to structure by use of more conventional methods such as those based on e-beam lithography, nanoimprinting or holography. Moreover, in comparison to other technologies for nanofabrication, FIB has the advantage of allowing fast prototyping, enabling fast proof of principle experiments. FIB technology can be used for reliable and well-controlled nanometer-size feature definition. The method involves physical removal of material by a beam of (most commonly) Ga + ions, and therefore can be adapted and optimized almost for any material system. Some of recent reported applications of FIB processing for photonic devices include fabrication of laser facets in GaN [3] , photonics crystals structures and Bragg reflectors in InP [6] , KY(WO4)2 [9] , LiNbO3 [10] , and Si-based materials [4, 5, 8, 11] .
The main concern in employing FIB milling in fabrication of photonic structures is the effect of Ga + ion implantation on the optical performance of the devices. It is well known that the Ga + ions cause large optical losses through amorphization and ion implantation of the material [12, 13] , while the exact mechanism is not yet well known.
A recent study has investigated the effects of iodine-enhanced FIB milling of Si waveguides and the resulting optical losses in multimode waveguides [13] . In the current work, we extend this study and present a systematic investigation of Ga + implantation in Si. The study is expected to contribute to better understanding of Ga + implantation in its probable effects on optical waveguide structures.
EXPERIMENTAL
A dual-beam FEI Nova 600 FIB machine was used for the Ga + ion implantation experiments. The ion beam used in a milling process is generated from a liquid gallium ion source. The FIB milling current is controlled by adjusting aperture size in discrete steps. The spot size of the beam gets larger with increasing milling current with the lowest spot size being 7.5 nm at a current of 1.5 pA.
The writing field, i.e. the maximum area that can be scanned by the ion beam, of the FIB is divided in 4096 by 4096 pixels and its actual size depends on the selected magnification. In other words, the magnification determines the field of view as in a conventional optical microscope. For instance, at a magnification of 5000 times the resulting writing field or field of view (FOV) is of about 25x25 μm, with a grid spacing of 6.2 nm. There are various parameters that are to be well controlled in order to achieve nano-structuring process with desired characteristics. The most important ones can be listed as follows:
Dwell time -the stationary time on one pixel while milling. Loop number -the repetitive pass number for the whole patterns. Dose per area -total dwell time current averaged by area. Pixel pitch -the distance between two adjacent pixels.
There are several different approaches on how to define the geometry of the structure to be milled. The simplest one is to use the built-in geometrical shapes of the software of the machine and draw the desired structure directly on the screen and mill it on the layer of interest. This basic method, however, lacks repeatability and most importantly does not allow for precise control of the above-mentioned critical parameters. The second method is to make use of a stream file. A stream file is a predefined mask file that contains milling time, pixel information, and pixel sequence for the desired geometry. The most common approach to create a stream file is to convert a bitmap picture into set of coordinates by using special software. This also results in limitations since the pixel sequence in this method cannot be well controlled, however for complicated geometrical structures the bitmap conversion approach can still be feasible. For the structures of interest in this project, it is possible to create the stream files of the structures to be milled by using programming tools.
For this purpose we have developed a code that allowed for a complete control over the critical parameters such as dwell time, loop number, dose per area and milling sequence. In all of the implantation work reported below a stream file approach was used.
Based on preliminary tests for balance between milling time and accuracy, the current was fixed at 48 pA and the acceleration voltage was set to 30 keV. The dose per area, defined by the total current dwell time averaged over the milled area, was varied and programmed to achieve the desired ion doses for each experiment.
RESULTS AND DISCUSSION
The Ga + ion implantation profile has been investigated using Physical Electronics Quantera XPS. The ion implantation has been realized using FIB as discussed in the experimental section.
The main reason for diminished optical performance of FIB milled structures is the local implantation of Ga + ions. TRIM (transport and range of ions in matter) calculations [13] and previous ion implantations studies in Si predict large number of implanted ions and amorphization of the Si layer [14] [15] [16] . Ga + ion is known to have a low solid solubility in Si and a low amorphization dose. The critical dose for continuous amorphous layer formation is reported to be about 1  10 14 ions/cm 2 [14, 15] . The typical ion doses involved in FIB milling can be higher by few orders of magnitude (typically ranging from 10 16 ions/cm 2 to more than 10 18 ions/cm 2 ).
Since we are interested in the implantation of ions during the actual milling of nanostructures, we have chosen to investigate doses in the range between 5  10 14 ions/cm 2 and 1  10 17 ions/cm 2 . The minimum dose that was chosen corresponds to the case of ion implantation with no detectable milling, while the highest dose used resulted in substantial material removal. A uniform area of 25  25 m 2 of planar SOI structure was irradiated with FIB for each of the six different doses, as listed in Table 1 . The optical microscope picture of the ion-implanted experiments on Silicon on insulator (SOI) are shown in Figure 1 . The incorporation of Ga + ions in Si was analyzed using depth profiled X-ray photoelectron spectroscopy (XPS) and the milling rate has been corrected to correspond to the thickness of analysis. We observe that almost all the gallium is within about the first 50 nm of Si for all doses and that an extremely high doping level occurs in the top few tens of nanometers, where the silicon is expected to be amorphized. The obtained results are in good agreement with previous observations in literature [16] . Similar trend and has been observed for all the implanted doses. Summary of specifically Ga + ion implantation profile as a function of thickness is presented in Figure 3 . The results suggest that there is significant Ga+ implantation for all the doses used in the experiments. Most of the Ga+ is found within the first 50 nm of Si. This suggests that it can be possible to potentially reduce optical losses caused by the ion implantation in any optical application. Methods such as thermal annealing [17] and wet or dry chemical etching can result in removal of the 50 nmimplanted layer of SOI, as a result removing the layer causing potentially high optical losses.
CONCLUSIONS
We have performed a systematic investigation of focused ion beam (FIB) induced Ga + ion implantation in silicon on insulator (SOI) structures. The ion implantation has been realized on identically sized areas for each dose by varying the FIB parameters such as dwell time and loop number. The local implantation of Ga + ions during milling was studied for a wide range of ion doses, ranging from about 10 14 to 10 17 ions/cm 2 , using X-ray photoelectron spectroscopy (XPS). It was found that the most of the Ga + is within the first 50 nm of Si. This suggests that it can be possible to potentially reduce optical losses caused by the ion implantation in any optical application. Methods such as thermal annealing and wet or dry chemical etching can result in removal of the 50 nmimplanted layer of SOI, thus removing the layer causing potentially high optical losses.
